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Open access under the ElsInterfacial concentrations of chloride and bromide ions, with Li+, Na+, K+, Rb+, Cs+, trimethylammonium
(TMA+), Ca2+, and Mg2+ as counterions, were determined by chemical trapping in micelles formed by
two zwitterionic surfactants, namely N-hexadecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (HPS)
and hexadecylphosphorylcholine (HDPC) micelles. Appropriate standard curves for the chemical trapping
method were obtained by measuring the product yields of chloride and bromide salts with 2,4,6-
trimethyl-benzenediazonium (BF4) in the presence of low molecular analogs (N,N,N-trimethyl-propane
sulfonate and methyl-phosphorylcholine) of the employed surfactants. The experimentally determined
values for the local Br (Cl) concentrations were modeled by fully integrated non-linear Poisson
Boltzmann equations. The best ﬁts to all experimental data were obtained by considering that ions at
the interface are not ﬁxed at an adsorption site but are free to move in the interfacial plane. In addition,
the calculation of ion distribution allowed the estimation of the degree of ion coverage by using standard
chemical potential differences accounting for ion speciﬁcity.
 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Micelles formed by zwitterionic surfactants in water display no
effective charge, hence no electrostatic gradient should be detected
from the micellar interface. However, non-zero electrostatic
potential in aqueous electrolytes are described in literature [1–9].
A non-zero electrostatic potential may arise from a charge gradient
between the dipolar layer and zwitterionic micelles, sulfobetaines,
or lysolecithins which can concentrate ions and exhibit ion
selectivity [10–12].
Methods for determining ion distribution in colloidal systems
include solubility, conductivity, chromatography, potentiometry,
NMR, UV/visible, ﬂuorescence and infrared reﬂection absorption
spectroscopy, reaction kinetics, X-ray or neutron scattering, elec-
trophoresis (capillary electrophoresis), surface pressure–area iso-
therms, Brewster angle microscopy, grazing incidence X-ray
diffraction, osmotic stress, and light scattering [3,7–9,13–20]. Allde Bioquímica, Instituto de
estes 748, CEP 05508-000, SP,
).
evier OA license. these methods, based on concentration dependent properties, can
only provide indirect estimates of ion distribution.
Chemical trapping is an efﬁcient method for the determination
of interfacial concentrations of nucleophiles [21–23]. Chemical
trapping has been used to determine the concentration of anions
in the micellar surface, co-ions at negatively charged micelles,
and anion concentration in zwitterionic interfaces [12,23]. This
method relies on the comparison of standard curves of product
yields with nucleophile concentration, obtained with a water
soluble diazonium salt, with product yields obtained with a long
chain diazo probe incorporated into micelles. In this work, we used
2,4,6-trimethylbenzene diazonium ion as the water soluble and
2,6-dimethyl-4-hexadecylbenzenediazonium ion as the micellar
bound probe (Scheme 1). The main assumption of chemical
trapping is that identical yields are related to equal nucleophile
concentration. The advantages and limitations of the chemical
trapping method, viewed as an approach to directly determine
interfacial ion composition, have been discussed extensively
[21,24–26].
Standard Gouy–Chapman mean-ﬁeld and Poisson–Boltzmann
theory (and several modiﬁcations and/or linearization thereof)
have been used for modeling ion interaction with charged and
Scheme 1. Dediazoniation reactions of 1-ArNþ2 and 16-ArN
þ
2 .
Scheme 2. Cartoon of a HDPC micelle showing the limits of the internal (Ri) and
external (Re) radius. The micelle, surrounding ions, and the solvent molecule are
considered as conﬁned by a cell with radius Rc (cellular approach).
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selectivity can be associated with the Poisson–Boltzmann theory
and may explain the differences observed upon addition of diverse
salts on micellar properties [5,6,18].
Interfacial ion binding is a fundamental phenomenon with
implications ranging from material science to basic biology. Mod-
els that can both describe local concentrations and account for
selectivity for ion binding to zwitterionic micelles are clearly
needed.
Here we describe ion binding and selectivity using two zwitter-
ionic surfactants hexadecylphosphorylcholine (HDPC) and N-hexa-
decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (HPS) (see
Scheme 2 and 3). Micelles formed by these surfactants display in-
verted dipoles with respect to the micellar core. Our focus here is
to experimentally determine interfacial chloride and bromide
interfacial concentrations in both micelles and model the experi-
mental results using a theoretical framework that includes ion
speciﬁcity.
Our model, based on mean ﬁeld approximation, considers ionic
selectivity and charge distribution. Adsorption sites for both anions
and cations were modelwise introduced in the zwitterionic
micellar surface. Intrinsic properties of ions such as the net charge
and the dry weight of the ion, non-hydrated and hydrated ionic
radii, were used to differentiate the ions and predict binding




2 , was prepared
as described [21]. 2,6-Dimethyl-4-hexadecylbenzenediazonium
BF4, 16-ArN
þ
2 , 2,6-dimethylhexadecylphenol, 16-ArOH, 2, 6-
dimethyl-4-hexadecylbromobenzene, 16-ArBr, 16-ArBr, and 2, 6-
dimethyl-4-hexadecylchlorobenzene, 1-ArCl, were a gift from Dr.
L.S. Romsted. N-Hexadecyl-N,N-dimethyl-3-ammonio-1-propane-
sulfonate, HPS (Aldrich), was recrystallized from methanol and
acetone. 2,4,6-Trimethylphenol, 1-ArOH, 2,4,6-trimethylchloroben-zene, 1-ArCl, and 2,4,6-trimethylbromobenzene, 1-ArBr, were
reagent grade from Aldrich and distilled before use.
Hexadecylphosphorylcholine, HDPC, was synthesized as de-
scribed [30,31]. The surfactants were passed through a mixed
bed resin AG-50X to eliminate residual salt. The conductivity of
0.1 M aqueous solutions of each detergent was less than 30 lS at
30 C. N,N,N-trimethyl-3-ammonio-1-propanesulfonate (MPS) and
methyl 2-(N,N,N-trimethylammonio)ethyl-phosphate (MPC) were
synthesized as described [32,33].
2.2. Methods
Products of 1-ArNþ2 and 16-ArN
þ
2 reactions with water, halides,
and other nucleophiles (Scheme 1) were analyzed in a Shimadzu
Scheme 3. Cartoon of a HPS micelle showing the limits of the internal (Ri) and
external (Re) radius. The micelle, surrounding ions, and the solvent molecules are
considered as conﬁned by a cell with radius Rc (cellular approach).
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detected at 220 nm. The loop injection was 20 lL for all samples.
The solvent mixture used was methanol/water 82:18 for 1-ArOH,
1-ArCl, and 1-ArBr, 0.8 mL min, and the retention times were 7.0,
15, and 18 min. A mixture of methanol:isopropanol 80:20, 1 mL/
min, was used for the separation of 16-ArOH, 16-ArCl, and 16-ArBr
and retention times were 7.7, 19.7, and 21.4 min, respectively.
2.2.1. Standard curves of chloride and bromide
Solutions of 1 mL ﬁnal volume, containing the adequate concen-
tration of salts in HCl 0.002 M, were prepared in 2 mL ﬂasks
equipped with Teﬂon stoppers. An aliquot of 50 lL of a stock solu-
tion of 1-ArNþ2 0.005 M, in HCl 0.002 M, prepared immediately
before use and maintained in an ice bath, was added to the ﬂasks.
The solutions were layered with 0.05 mL of cyclohexane; the ﬂasks
were closed tightly and maintained at 30 C for 24 h [12]. The
volume was completed to 2 mL with n-propanol; the samples were
homogenized and maintained at 8 C until HPLC analysis. The chro-
matogram area of each product was converted to concentration
values using adequate standard curves obtained with pure com-
pounds, i.e., 1-Ar-OH, 1-ArCl, and 1-ArBr.
2.2.2. Calculation of product yields in the standard curve
The % of 1-ArOH or 1-ArX (X = Cl or Br) were calculated using
equations (see below) where the concentrations of products
formed in the reaction, 1-ArOH and 1-ArX are denoted in brackets.
The sum of [1-ArOH] and [1-ArX] was equal to the total concentra-
tion of added diazonium salt, ½1-ArNþ2 T .
½1-ArNþ2 T ¼ ½1-ArOH þ ½1-ArX
%1-ArX ¼ 1-ArXx100ð½1-ArX þ ½1-ArOHÞ2.2.3. Reactions in surfactants
Sample solutions of 1 mL, containing a ﬁxed concentration
(0.04 M) of HPS or HDPC, containing the desired salt concentration,
were prepared in 0.002 M HCl. Aliquots of 25 lL of a methanolic
solution of 16-ArNþ2 0.005 M, prepared immediately before use
and kept in an ice bath during the experiment, were added to
the samples and maintained at 30 C for 24 h. The ﬂask’s volumeswere completed to 2 mL with n-propanol and the samples kept at
8 C until HPLC injection.
2.2.4. Calculation of product yields in the surfactants
16-ArNþ2 reacted with the detergents (HDPC or HPS), but only
16-ArOH is detected in the chromatogram. The products are posi-
tively charged (Scheme 1) and eluted in the void volume of the
HPLC column. The amount of 16-ArNþ2 reacting with HDPC or
HPS were estimated comparing the analytical concentration of
16-ArOH formed with the total concentration of added 16-ArNþ2 .
Previously we determined the micellar local concentration of chlo-
ride, [Cl]b, and bromide, [Br]b, (the brackets denote concentration
and the sub-index b refers to bound ion), at the surface of micelles
of HPS and HDPC after addition of different halide salts [12]. These
data are overestimated because, at the time, we did not notice that
both HPS and HDPC reacted with 16-ArNþ2 (see Scheme 1). In this
work, the fraction of 16-ArNþ2 reacting with HPS and HDPC was
estimated and the percentage of the diazonium salt reacting with
Cl and Br of the previous experiments was recalculated. All pre-
vious experiments were repeated again and new salts were added.
The amount of 16-ArNþ2 reacting with HDPC and HPS was also esti-
mated by comparing the analytical concentration of 16-ArOH
formed in the presence of HPS or HDPC with the sum of [16-ArOH]
and [16-ArBr] produced in CTAB using the same initial concentra-
tion of 16-ArNþ2 . In HPS, ca. 87.5% of the product of 16-ArN
þ
2 reac-
tion was 16-ArOH and 12.5% was the product formed with HPS
(16-Ar-HPS, see Scheme 1). In HDPC, 95% of 16-ArNþ2 reaction
products was 16-ArOH and 5% was the product with HDPC (16-
Ar-HDPC) (Scheme 1).
The % yields of 16-ArX, %16-ArX, were determined using the fol-
lowing equations:
%16-ArX ¼ ½16-ArXx100½16-ArNþ2 T
½16-ArNþ2 T ¼ ½16-ArOH þ ½16-ArX þ ½16-ArZwt
where [16-ArZwt] is the concentration of the product of reaction of
16-ArNþ2 with HPS or HDPC.
Previously published data of binding of Cl and Br to HPS and
HDPC [12] were recalculated using the total concentration of
diazonium salt, [16-ArNþ2 ], instead of the sum of the concentrations
of 16-ArOH and 16-ArX determined from the HPLC data.
To investigate if the amount of zwitterionic surfactant reacting
with 1-ArNþ2 affected the standard curve of [Cl] and [Br] salts vs.
percentage yield of 1-ArX, %1-ArX, we synthesized short chain ana-
logs of HPS and HDPC, MPS and MPC, respectively (Scheme 1).
These analogs contained a methyl group instead of a hexadecyl-
chain. The products of the reaction of 1-ArNþ2 with MPS and MPC,
1-Ar-MPS and 1-Ar-MPC, respectively, were identiﬁed by electron
spray mass spectra. In the presence of 1.5 M of MPS and MPC, the
yield of 1-Ar-MPS and 1-Ar-PC was about 15% and 5%, respectively.
Standard curves relating the % of TMCl (or TMBr) with [NaCl] (or
[NaBr]) were obtained with 1.5 M of MPS or MPC (data not shown).
The % yields of 1-ArX were calculated from ½1-ArNþ2 T and com-
pared with standard curves done in the absence of MPS or MPC.
The % yield of 1-ArX was unaffected by the addition of MPS or
MPC, but the fraction reacting with water and the zwitterionic salt
decreased. Taking into account the reaction of the diazonium salts
with the zwitterionic surfactant, appropriate standard curves relat-
ing % product yield with local concentrations were obtained. We
used the standard curve of %1-ArBr vs. [NaBr] (or %1-ArCl vs.
[NaCl]) without the zwitterionic salt in order to calculate the con-
centration of [Br]b and [Cl]b in HPS and HDPC. In the experiments
with micelles of HPS and HDPC, the % yields of each 1-ArX were
calculated using [16-ArNþ2 ]T as 100%.
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The halide concentrations at the interface of HDPC and HPS
micelles, with different cations and concentrations, were deter-
mined at using 0.04 M detergent. The %16-ArX for each salt
concentration were compared to the standard curve of %1-ArX
vs. [NaX] yielding the corresponding halide concentrations at the
micellar interface, [X]b [12].3. Theoretical model
3.1. Modeling Poisson–Boltzmann equation and respective boundary
conditions
For this modeling, we used the cellular approach, i.e., consider-
ing the micelle, surrounding ions and the solvent molecules
conﬁned by a cell with radius Rc (Schemes 2 and 3) (the value for
Rc was calculated as described elsewhere [29]. Micelles were
assumed to be spherical and the interaction among them was ne-
glected since the micellar concentration was very low. Zwitterionic
micelles without added salt were taken as electrically neutral and,
when charged by ion adsorption, the salt concentration makes the
Debye length negligible. With 0.04 M HPS or HDPC, and aggrega-
tion numbers of the order of 140 (see below), the average micellar
distance is ca. 80 nm. The calculated Debye length for the lowest
concentration of salt used (0.05 M) here is ca. 1 nm.
The micelle was described as having an inner hydrophobic
region, with radius Ri, containing the hydrocarbon chains of the
surfactant (Schemes 2 and 3). The spherical surface limiting the
micelle (external region) occurs at a distance equivalent to a radius
Re (Schemes 2 and 3).
Ion distribution in each region, i.e., the spaces deﬁned by the dif-
ferences of the volumes of the spheres deﬁned by Rc, Re, and Ri, is
determined by the mean electrostatic potential and depend on
the charge density distributions. The charge density at any distance
from the micelle center depends on the distribution of the individ-
ual charges of each moiety of the zwitterionic surfactants and on
the density of adsorbed ions. Added salt and the H+ and OH ions
present in solution contribute to the volumetric charge number
density. Eq. (1) predicts that ion distributions through the system
are determined by a continuous change in the electrostatic poten-












zic0i exp  zieWkT
 
ð1ÞEq. (1) is the well known Poisson–Boltzmann equation (EPB) writ-
ten for spherical symmetry: W, the mean electrostatic potential;
e, the electron charge modulus; zi, the ionic valence of the ith ionic
species; c0i, the number density of the ith ion in region where the
electrostatic potential is null; e, the permittivity of the medium;
kT, the product of the Boltzmann constant; and T, the absolute
temperature.
The following boundary conditions characterizing the system
were expressed in terms of dimensionless parameters, i.e.: (a)
c0i
n0
¼ ci where ci is a dimensionless number corresponding to the
millimolar concentration of the ith ionic species, c0i, divided by
n0, which has the value of 1 mol/m3; (b) j2 ¼ noe
2
ekT
; (c) n = jr; and
(d) the reduced potential / ¼ eW
kTc2
.
The charge density in the surface determined by Ri, c1, close to
















where Nt1 represents the net number of the charges at the surface



















cizi expðzi/Þdn ¼ c2
ð3Þ
Nt2 represents the net number of the charged particles at the sur-
face. The second boundary condition (Eq. (3)) shows that the mean
electrostatic ﬁeld in n = n2 = Re depends on the sum of all charges
present at the region between n1, n2, (Ri, Re), allowing the normali-
zation of integral equation.
As we are using a cellular model, we admit the neutrality of the
system. This allows us to attribute the arbitrary value of zero for
the potential at the border of the cell, Rc (Scheme 2 and 3). Thus,
we can write the ﬁnal equation that describes the mean electro-






















For obtaining Nt1 and Nt2, the net number of charges in each
micellar surface (determined by Ri and Re), it is necessary to calcu-
late the number of counter ions in the charged micellar layers, i.e.,
those ions that (not being part of the surfactant head group) reside
in the volume determined by the difference (Re  Ri) (Schemes 2
and 3). These calculations require a model of ionic speciﬁcity,
which cannot be deduced by mean ﬁeld approximation.3.2. Model for ionic speciﬁcity
An assumption consistent with mean ﬁeld considers the ions
and the solvent as independent entities or independent sub-sys-
tems. This allows the formulation of a partition function for the
ions in solution. The partition function Q (considering an inﬁnites-
imal volume Dm and constant temperature T (K)) depends on the
number of ionic species Ni and the number of solvent molecules
in the system:

















!Þ þ Hi ð6Þ
The Hamiltonian, describing explicitly the translational degrees
of freedom, is composed by the translational kinetic energy, p2/2mi,
where p denotes the momentum components, mi the mass of the
ion, and zieW the electrostatic interactions. The term Hi comprises
all degrees of freedom independent of the translational compo-
nent. The rotational and vibrational degrees of freedom depend
on molecular properties and are described by position independent
parameters; Hi also includes other interactions, such as the ionic
hydration energy that is position independent. The hydration free
energy may be assumed independent of the translational degrees
of freedom, whenever the microscopic electrostatic ﬁeld, or local
atomic microscopic electrostatic ﬁeld, has much higher values than
66 T.P. de Souza et al. / Journal of Colloid and Interface Science 371 (2012) 62–72the mean electrostatic potential in the system; the hydration free
energy has values order of magnitudes greater than the values of
mean electrostatic energy in the systems studied here.
The partition function of the ionic species with valence zi in a


















 exp  p
2
x þ p2y þ p2z
2mikT
 !
dpx dpy dpz ð7Þ
The ﬁrst term in Eq. (7) refers to the contribution of the degrees
of freedom, described by Hi, and it will be noted as qi. The other
symbols in Eq. (7) have the usual meaning: k is for Boltzmann con-
stant, T the absolute temperature, p denotes the momentum com-
ponents, and h is the Plank constant. Evaluating the integral and











Eq. (5) describes the canonical partition function for the system;
each qi is given by Eq. (8). Using the relation between the partition
function and the chemical potential,
li
kT





chemical potential for the ith ionic species in solution is:
li
kT

















in Eq. (9) corresponds to  ln ~qi, ci, a position
dependent parameter, is the particle number density, Ni = Dv,
and is expressed by ciðr





represents the density in the region where the electrostatic poten-
tial is zero (see Supplementary material) and the chemical poten-











The term c0i is necessary to solve the Poisson–Boltzmann equa-
tion, a differential equation with boundary conditions. The prob-
lem is mathematically well deﬁned with the knowledge of the
values of the electrostatic potential or the values of the surface
charge densities at the borders of the conﬁned solution. Zwitter-
ionic micelles can selectively adsorb ions yielding effectively
charged aggregates [11,12,34]. Any model should infer the values
of adsorbed ions at the micellar surface, deﬁning the boundary
conditions necessary to solve the Poisson–Boltzmann equation.
3.3. Modeling the adsorption of ions into the micellar surface
Here we considered that the micelle, constituted by a total
micellar surface area A, comprises M ion adsorption sites a unit
area b. Ions can be ﬁxed at an adsorption site or freely diffuse on
the surface. These are the two limiting situations, i.e., ions are
either ﬁxed or can move freely at the interface.
The chemical potential for ions that can freely move in the














ð11ÞHere all the symbols have the usual meaning. The electrostatic
potential Wðr!Þ represents the potential at any micellar surface.
The hypothesis employed to obtain Eq. (11) are the same as those





represents the local speciﬁc interaction, which is
different from the mean electrostatic interaction, i.e., the hydration
energy on the micellar surface and the contribution of the rota-
tional and vibration degree of freedom of the ion.
The adsorbed ion, i, which can move through the surface, has
only two translational degrees of freedom on the surface and the
contribution to the chemical potential is represented in Eq. (12).
The entropic contribution, given by the term
~lai
kT
, is deﬁned by
Eq. (12), where Nai is the number of ions adsorbed at the surface;
A is the total micellar surface area, b the area of each adsorption












The fraction of occupied sites, hi, called degree of coverage of Lang-
muir, is given by: hi ¼ N
a
i
M where M is the number of adsorption sites
(see above).
Eq. (11) can be written in terms of ionic coverage degree (Eq.














Eq. (13) corresponds to the Langmuir limit, with the contribu-
tion of the Coulombic interaction, characterized by the mean





Deﬁning Dl ¼ ~lsi  ~lai , i.e., the chemical potential difference be-
tween bound (superscript a) and free ions (superscript s) and com-
bining the Eqs. (9) or (11) with Eq. (13), with a deﬁnition of the







, the degree of coverage in
both cases, i.e., adsorbed with free translational motion or ﬁxed
ion, can be written with the following considerations:
1. When the ion is adsorbed, but is able to freely move through the
micellar surface, the degree of coverage is written as:hi
b





ð14Þ2. When the ion is localized at the surface, the degree of coverage








ð15ÞThe fraction of ions adsorbed at the micellar surface, described
by Eq. (14) or (15), allows the determination of the effective sur-
face charge density at the micellar surfaces (Eqs. (2) and (3)), since
these terms are related with the partial neutralization of the
micellar charges, and consequently contribute to the electrostatic
potential.
Here we ﬁtted the experimental data for local anion concentra-
tions in HDPC and HPS micelles for several Cl and Br salts using a
mean ﬁeld model combined with the hypothesis that the surfaces
of the micelle are sites for ionic adsorption.
Fig. 1. Effect of the concentration of added chloride salts on [Cl]b in HDPC micelles.
Points are experimental and lines are best ﬁt functions, calculated as described in
the text using the parameters in Table 2. [HDPC] was 0.04 M. A) LiCl (s, a); KCl (M,
b); NaCl (N, c); TMACl (d, d); (B) MgCl2 (5, a); CaCl2 (., b); RbCl (j, c); CsCl (h, d).
For CaCl2 and MgCl2 the molar concentration of the cations is half of that of the
chloride.
Table 1
BrT/Brb and ClT/Clb ratios in HPS and HDPC.a
Salts ClT/Clb Salts BrT/Brb
HDPC HPS HDPC HPS
TMACl 0.80 1.80 TMABr 1.01 2.37
LiCl 1.43 2.23 LiBr 1.32 2.73
NaCl 1.02 2.20 NaBr 1.04 3.10
KCl 0.96 2.36 KBr 1.02 3.15
RbCl 1.01 2.24
CsCl 1.00 2.38
CaCl2 1.58 2.35 CaBr2 2.02 3.49
MgCl2 1.61 2.49 MgBr2 1.84 3.32
a [Salt] = 0.5 M, [detergent] = 0.04 M.
Fig. 2. Effect of the concentration of added bromide salts on [Br]b, in HDPC micelles.
Points are experimental and lines are best ﬁt functions, calculated as described in
the text using the parameters in Table 2. [HDPC] was 0.04 M. (A) LiBr (s, a); NaBr
(N, b) TMABr (d, c). (B) CaBr2 (., a); MgBr2 (5, b); KBr (M, c). For CaBr2 and MgBr2
the molar concentration of the cations is half of that of the bromide.
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Non-linear Poisson–Boltzmann equation with spherical sym-
metry was solved using an algorithm in FORTRAN code. The equa-
tions describing the electrostatic potential in the system are
integral equations, which can be solved iteratively. The parameters
read by the program in the data ﬁle are: 0 or 1 for ions ﬁxed or with
translational motion in the micellar surface, temperature (K),
water dielectric constant, water ionic product (Kw), a parameter
of convergence, the mass of each ion (H+, OH, Cl, Br, and cat-
ions), internal and external micellar radius (in Å), minimal and
maximal salt concentration, micelle aggregation number, maximal
number of iterations, ions charge, number of points in the graphic
for each integration region, the difference of chemical potential of
all the ions present in the system, and the initial concentration of
HCl.
The calculations of ionic distributions startedwith the initial HCl
concentration (2 mM), [OH] was calculated from Kw and the
concentration of other cations was zero. The initial electrostatic
potential was taken as zero and the program was run to solve the
equations and calculate the new electrostatic potential value, as
well as ion concentrations. Upon convergence of the electrostatic
potential, the parameters of interest were calculated. The parame-
ters Dl ¼ ~lsi  ~lai , for the ions adsorbed in each of the micellar
surfaces (determined by Ri and Re), were the only adjustableparameters used to obtain the best ﬁt of the experimental results
to the model.
4. Results and discussion
Ion partitioning between the bulk solution and the micellar
interface depends on the nature and concentration of the ions
and the structure of the head groups of the zwitterionic surfactant
[12]. Addition of NaCl to HDPC micelles leads to Cl binding at the
micellar interface [12]. The local concentration of Cl at the
micellar interface, [Cl]b, increased with added salt and was cation
Fig. 3. Effect of the concentration of added chloride salts on [Cl]b, in HPS micelles.
Points are experimental and lines are best ﬁt functions, calculated as described in
the text using the parameters in Table 2. [HPS] was 0.04 M. A) LiCl (s, a); TMACl
(d, d); KCl (M, b); NaCl (N, c). (B) MgCl2 (5, a); CaCl2 (., b); CsCl (h, c); RbCl (j, d).
For CaCl2 and MgCl2 the molar concentration of the cations is half of that of the
chloride.
Fig. 4. Effect of the concentration of added bromide salts on [Br]b, in HPS micelles.
Points are experimental and lines are best ﬁt functions, calculated as described in
the text using the parameters in Table 2. [HPS] was 0.04 M. (A) LiBr (s, b); TMABr
(d, c); NaBr (N, a). (B) KBr (M, c), MgBr2 (5, b); CaCl2 (., a). For CaBr2 and MgBr2 the
molar concentration of the cations is half of that of the chloride.
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salt with Na+, K+, Rb+, and Cs+ (Fig. 1). TMACl addition led to [Cl]b
that were signiﬁcantly lower than those in the bulk solution while
the salts of divalent cations and Li resulted in an interfacial concen-
tration higher than that in the bulk solution (Fig. 1). It is evident
that the anion concentration at the interface of HDPC micelles is
cation dependent.
Table 1 shows the values of the ratios of bound over total added
chloride, [Cl]T, [Cl]b/[Cl]T for all salts at [Cl]T = 0.5 M. MgCl2 and
CaCl2, the doubly charged cations tightly bound to phosphate at
the internal layer of HDPC [35], decreasing the negative charge of
this layer. Note that, in all ﬁgures, for CaCl2 and MgCl2, the molar
concentration of Mg2+ and Ca2+ ions is half of that of monovalent
cations. Ca2+ (or Mg2+) binding may also decrease the distance be-
tween the trimethylammonium groups increasing the positive
charge density and, as a consequence, the capacity for anion con-
densation [36]. Li+ must bind better than the other cations, proba-
bly due to its small size, leading to higher chloride binding. For
TMA+, the data suggest that this cation either binds very weakly
to the zwitterionic micelle or separates the head groups and chlo-
ride is effectively excluded from the interface.
Qualitatively, the effects of cations on Br binding to HDPC mi-
celles were similar to those observed with Cl (Fig. 2, and Table 1).
[Br]bwas of the same order of that of added salt, with exception of
CaBr2, MgBr2, and LiBr (Table 1).Compared with HDPC, interfacial anion concentration in HPS
micelles was higher, but cation dependence was less evident
(Figs. 3 and 4 and Table 1). The values of [Cl]b, with only TMA+ as
an exception, were similar for all salts, and generally twice that
of added external salt (Fig. 3, and Table 1). Bromide binding to
HPS micelles showed the same trends of those observed with Cl
but the [Br]b’s were three times higher than added salt, with the
exception of Li+ and TMA+ (Fig. 4, and Table 1).
The experimental data for [Cl]b and [Br]b in HDPC and HPS mi-
celles with different cations (Figs. 1–4) were ﬁtted using Eqs. (4, 10,
11, and 14). The ﬁtting parameters were DlCation and DlAnion,
the difference in the standard chemical potential between the ions
adsorbed to the surface and the ions free in the bulk solution (Eq.
(14)). The best ﬁt parameters are presented in Table 2. Since it is
notoriously difﬁcult, without introducing new disposable parame-
ters, to treat multivalent ions using EPB [37,38], we decided to use
the following approach: In order to ﬁt the data of bivalent cations,
we admitted the attenuation of electrical charge by assuming that
a permanent ‘‘hydration layer’’ exists. This postulated hydration
layer was obtained by adding to the bare mass of the bivalent cat-
ion the equivalent to one water molecule plus one OH, which also
confers a monovalent character to the bivalent ion.
To ﬁt of data of Figs. 1–4, values for Re, Ri, b, and the micelle
aggregation number, Nag, were needed. Published aggregation
numbers for HPS micelles range from 130 to 170 [34] and here
we considered Nag = 135. HPS micelles are spherical, with an
Table 2
Best ﬁt values in kT units of DlCation and DlAnion for HDPC and HPS micelles.
Cation Mass HDPC HPS
Chloride Bromide Chloride Bromide
DlCation DlAnion DlCation DlAnion DlCation DlAnion DlCation DlAnion
Li 6.94 4.6 0.0 4.3 0.0 0.0 0.0 1.5 0.0
Na 22.99 4.5 0.0 4.4 0.0 0.0 0.5 3.0 0.0
K 39.10 4.8 0.0 4.6 0.0 0.0 0.0 3.0 0.0
Rb 85.47 5.0 0.0 – – 0.0 0.5 – –
Cs 132.91 4.9 0.0 – – 0.0 0.0 – –
TMA 75.15 4.3 0.0 4.7 0.0 0.0 1.9 1.5 0.0
Ca 75.53a 6.1 0.0 6.7 0.0 2.0 0.0 4.3 0.0
Mg 59.86b 6.0 0.0 6.2 0.0 2.5 0.0 3.5 0.0
a For Ca the mass was taken as the sum of atomic mass of Ca + H2O + OH.
b For Mg the mass was taken as the sum of Mg + H2O + OH.
Fig. 5. Simulation of the experimental data of [Cl]b, for LiCl, (d), in HDPC, using the
hypothesis of free ions (Eq. (14)) or localized ions (Eq. (15)). (A) Theoretical lines
using hypothesis of free ions were calculated using different values for DlCation
and DlAnion, respectively, which are given in parenthesis. Lines: a (0.46; 0) (solid
line, best ﬁt); b (0; 0); c (1; 0); d (2; 0); e (0; 1), f (0; 5), g (1; 1), h (0; 2). (B) Localized
ions, DlCation and DlAnion values are given in parenthesis. The dotted lines
represent the curves simulated with several combinations of DlCation and
DlAnion, given in parenthesis: Lines: a (0, 46; 0); b (0; 0); c (2; 0); d (1; 0); e (0;
1); f (0; 5); g (1; 1).
Fig. 6. Simulation of the experimental data of chloride bound, [Cl]b, for LiCl, (d), in
HPS using the hypothesis of free ions, using Eq. (14) or localized ions, Eq. (15). (A)
Theoretical lines using hypothesis of free ions were calculated using different
values for DlCation and DlAnion, respectively, which are given in parenthesis. The
solid line corresponds to the best ﬁt obtained and the dashed lines illustrate the
shape of the functions with different values in the ﬁtting parameter: a (3; 0); b (2;
0); c (1; 0); d (1; 1); e (best ﬁt) (—) (0; 0,); f (0; 1), g (1; 2), h (0; 2). (B) Localized ions,
DlCation and DlAnion values are, respectively: line a (0; 0), line b (5; 0). The solid
line c (0; 0), calculated for the hypothesis of free ions, was added for comparison.
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dipolar layer as 4 Å, the internal radius, Ri, was 23 Å.
The diameter of HDPCmicelles, determined byDLS, is 58 nm [39]
corresponding to an external radius of 29 Å.Assuming that the inter-
nal radius of HDPC is the same ofHPSmicelles, as bothmicelles havethe same hydrocarbon chain length of 23 Å, (Scheme 2 and 3) the
dipolar layer of HDPCmicelles has a thickness of 6 Å. The published
area per monomer head group for HDPC ranges between 54 ± 3 Å
[40] and 57 ± 3 Å. The aggregation number of HDPC was taken as
155. For simplicity our calculations were done considering the
Fig. 7. Effect of the concentration of added chloride salts in the coverage degree (h)
of cations and chloride for HDPC micelles. (A) coverage degree (h) of chloride for
different cations and (B) coverage degree of cations for chloride salts. LiCl (s);
TMACl (d) NaCl (N); KCl (M); (b) MgCl2 (5); CaCl2 (.); CsCl (h); RbCl (j).
Fig. 8. Effect of the concentration of added bromide salts in the coverage degree (h)
of cations and bromide for HDPC micelles. (A) coverage degree (h) of bromide for
different cations and (B) coverage degree of cations for bromide salts: LiBr (s);
TMABr (d) and NaBr (N). KBr (M), MgBr2 (5), and CaBr2 (.).
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for both micelles, which are close to those described above.
In the analysis of the chemical potential for an adsorbed ion,
two limiting situations were analyzed:
(1) Ions may be adsorbed and retain two translation degrees of
freedom, moving on the adsorbing surface (Eq. (14)).
(2) Ions loose translation degrees of freedom remaining at the
adsorption site (Eq. (15)).
The assumption of translational freedom of the ions in the
adsorbing surface led to a better agreement between the experi-
mental data and the calculated values for all the situations and
species when compared with the supposition of ions ﬁxed at an
adsorption site. The ﬁt between theory and experimental data ob-
tained assuming ions are free to move in the adsorbing layer is
excellent considering the wide range of salts, concentrations, and
surfactants used here (Figs. 1–4).
An example of a comparison of the ﬁtting results, using adsorp-
tion at the inner interface with translational freedom (Eq. (14)) and
ﬁxed adsorption sites (Eq. (15)), is presented in Figs. 5 and 6 for
LiCl in both detergents. Full details of the changes in the ﬁtting
parameters are given in the ﬁgure legends. The model assuming
free movement in the adsorbing plane is very sensitive to the value
of Dl and rapidly converges to a best ﬁt function (Fig. 5A). The
ﬁxed site model is essentially insensitive to changes in the ﬁttingparameter and does not yield a function reproducing the experi-
mental data (Fig. 5B). For HDPC, therefore the ﬁxed site model
failed completely to ﬁt the data (Fig. 5B).
For HPS micelles, both models ﬁt the data within experimental
error (compare Fig. 6A and B). The ﬁt with the translational free-
dom model is very sensitive to changes in the Dl values
(Fig. 6A) and approximates more efﬁciently the experimental data.
The ﬁxed site model is essentially insensitive to changes in the
ﬁtting parameter (Fig. 6B).
Our results, taken together, strongly suggest that counterions
can move through the adsorbing surface. Similar assumptions have
been made in cases where an association constant between the
counter ion and the micelle charged group is used or when the
ratios of the degrees of binding between cations and anions lead
to a surface charge density around 2 lC/cm2 [5,7].
The ﬁtting parameters DlCation and DlAnion used in Eqs. (14)
and (15) (implicit in the term v) used to ﬁt the experimental data
of binding of Cl and Br to HDPC (Figs. 1 and 2) are in Table 2. The
calculations showed that data can only be ﬁtted using Eq. (14) and
we prefer to show only this ﬁt for clarity. DlCation and DlAnion
represent the standard free energy of transfer of cations and anions
from solution to the adsorption sites in the inner and outer layer,
respectively. The values of DlCation, for the HDPC micelle, for
chloride and bromide salts varied from 4 to 6.7 kT units. For Ca+2
and Mg+2 DlCation was ca. 6 kT with Cl and between 6.2 and
6.7 kT with Br. For monovalent cations, the best ﬁt values for
Fig. 9. Effect of the concentration of added chloride salts in the coverage degree (h)
of cations and chloride for HPS micelles. (A) Coverage degree (h) of chloride for
different cations. Insert in Fig. 7A is the degree of coverage of chloride for TMACl. (B)
Coverage degree (h) of cations for chloride salts. LiCl (s); TMACl (d); NaCl (N); KCl
(M); MgCl2 (5); CaCl2 (.); CsCl (h); RbCl (j).
Fig. 10. Effect of the concentration of added bromide salts in the coverage degree
(h) of cations and bromide for HPS micelles. (A) Coverage degree (h) of bromide for
different cations. (B) Coverage degree (h) of cations for bromide salts. LiBr (s);
TMABr (d); NaBr (N); KBr (M); MgBr2 (5); CaBr2 (.).
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mechanical calculations allow the inference that the liberation of
two water molecules from the outer hydration layer contributes
with 6 kT units: 3/2 kT due to translation motion and 3/2 kT for
rotational motion for each water molecule leaving the ionic (exter-
nal) hydration layer [41]. The best ﬁt value of DlAnion was close
to zero for both chloride and bromide salts. The values of DlCation
in HDPC micelle were very similar for Cl and Br, as expected
from the values of DlAnion.
In HPS micelles [Cl]b and [Br]b were between 1.5 and 2 times of
those obtained with HDPC, as can be observed comparing the mea-
sured anions concentrations at the micellar surface as a function of
added salt (Figs. 3 and 4). The dispersion of the values with differ-
ent cations was lower for HPS than for HDPC micelles. The inner
positive layer of HPS micelle may attract anions, the access of the
anion to the inner layer is hindered by the negatively charge outer
layer. This barrier is attenuated by the cations in the proximity of
the external layer by partially screening the outer layer repulsive
interaction [5,42]. The small differences of the local anion concen-
trations in HPS micelle with different added salts suggested that
interfacial anion concentrations were almost independent of the
cation. In HPS micelles, the values for DlCation with chlorides
were 0 for monovalent and 2–2.5 kT for bivalent cations. The
values for DlCation for bromide salts were in the range of
3.0–4.3 kT and for Li+ and TMA+ around 1.5 kT. These small values
suggested that these ions in the micellar surface encounter a bulkaqueous phase-like environment. Cations withDl around 3–4.3 kT
may be losing one water molecule from their external hydration
shell [41], when transferring from the bulk to the micellar inter-
face. This is an acceptable assumption, since cations are expected
to be bound to the external layer of HPS micelles, with a negatively
charged sulfonate group residing in this region.
Fitting the local concentration data with Eqs. (1)–(4), which
corresponds to solve the EPB, establishes, as described above, an
equilibrium distribution situation. This allowed the calculation of
the degree of coverage as deﬁned in Eqs. (14) and/or (15). Calcu-
lated degrees of coverage for cations and anions in HDPC micelles
are presented in Figs. 7 and 8. The amount of screened charge in
the inner layer of HDPC micelles by bound cations reached ca.
90%, for uni- and bivalent cations it was in the 70–80% range for
both chloride (Fig. 7) and bromide (Fig. 8). The amount of bound
anion was much lower, i.e., less than 5% for 1 M of added salt (Figs.
1 and 2). These ion coverage values suggest a decrease on the num-
ber of negative charge at the inner surface, as well as a weak atten-
uation of positively charged outer layer.
The values for net charge screening are consistent with electro-
static principle that ions bind to counter ions neutralizing the net
charge at the surface, promoting a difference in the electrostatic
potential. A zwitterionic HDPC micelle will be seen by the ions in
solution as a positively charged micelle that will bind more counter
ions. In our case, these zwitterionic micelles will attract and bind
more chloride or bromide [5,9,18–20].
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charged layer of the HPS micelle reached 35% with TMA+ (insert
Fig. 9A) at high salt while with Ca2+ and Mg2+ and the alkaline
cations and the values of h are lower than 10% (Fig. 9). The values
corresponding to the bromide anion are less than 10% (Fig. 10). The
negatively charged outer layer of the HPS micelle has a maximum
of 20% of the charges canceled by the cations when these are asso-
ciated with chloride. A maximum of 60% attenuation is reached by
cations from bromide salts, as shown in the Fig. 10. This implies
that most of the negative charge of the micelle is attenuated, lead-
ing to a change in the electrostatic potential in its neighborhood.
The results shown in Figs. 9 and 10 suggested that the lower
percentage of bound ions, considering electrostatic interaction,
results in higher absolute values for the mean electrostatic poten-
tial nearby. Consequently, it leads to higher values for the probabil-
ity for the presence of counter ions, and thus higher values of anion
local concentration in the micelle HPS compared with the values of
HDPC micelles.
5. Conclusions
Ion effects on zwitterionic amphiphiles have been the subject of
intense research, especially because both cation and anion binding
can extensively affect structural and functional properties of
biological membranes. There is a wide agreement that ion effects
on zwitterionic systems, in particular with lipids, are related to
Hoffmeister series and that, usually, anions exert larger effects. It
is also clear that measured afﬁnities are method-dependent and
can vary widely [35].
Zwitterionicmicelles have beenwidely used asmodel to explore
ion binding to membranes. Here we have reexamined the interfa-
cial concentration of chloride and bromide ions in HPS and HDPC
micelles using chemical trapping, and taking into account the reac-
tion of the surfactant head groups with the reactive diazo probe.
The experimental results were analyzed using a cell model and
non-linear Poisson Boltzmann equations. Ion speciﬁcity was built
into the model using the difference in the standard chemical poten-
tial between the ions adsorbed to the surface and the ions free in the
bulk solution as (the only) variable parameter necessary to ﬁt the
data with the PB analysis. Our analysis is consistent with cation
and anion distribution in the external zwitterionic region increas-
ing with the concentration of added salt. Ion adsorption at the zwit-
terionic region was accompanied with lateral mobility and the ﬁt of
the experimental data with theory was not adequate upon suppos-
ing ﬁxed binding sites. Clearly, chemical binding models, simple or
modiﬁed, cannot ﬁt this data. In a related study of the effect of salts
on liquid expanded monolayers, a similar proposition has been
made [8]. Using different model systems the analysis of experimen-
tal results has been consistently based upon the consideration of
binding sites, deﬁning speciﬁcity with the use of association con-
stants and taking into account electrostatic components, or in the
analysis of electrostatic interactions, correcting in various ways
the speciﬁcity components of ion binding [9,43].
Langmuir isotherms, which intrinsically imply in ﬁxed binding
sites, can also be used to ﬁt anion binding to zwitterionic micelles
[11]. Ion-induced perturbations to headgroup tilt, the extent and
direction of which is sensitive to ion charge and size for all ion
types, including Cl, have been observed [44]. These data, however,
do not preclude a local salt concentration effect, rather than a
localized, site-related description. Simple two state systems, i.e.,
either bound at a site or free in solution, are not a requirement
for models that can account for both ion concentrations at the
micellar interface and ion selectivity. In summary, we have shown
here that ion concentration and speciﬁcity in zwitterionic micelles
can be modeled by assuming that ions can diffuse on the interfacial
plane while bound to the micelle.Acknowledgments
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